Cytochrome c undergoes well-defined electron-transfer reactions at a gold electrode when the electrode surface has been modified with 4,4'-bipyridyl (Albery et al., 1981) . I t is possible to couple this cytochrome c reaction with the reduction of mitochondria1 cytochrome c oxidase (EC 1.9.3) so that when oxygen is supplied as a substrate a current flows that is related to the activity of the enzyme (Hill et al., 1981) .
The cytochrome c and cytochrome c oxidase enzyme system has been characterized in a membrane electrode configuration shown schematically in Fig. I(a) . At ambient oxygen concentrations the rate-limiting step appears to be electron transfer from cytochrome c to the oxidase, rather than diffusion of oxygen through the membrane or the reaction of cytochrome c with the electrode surface. Thus at 2 mM-cytochrome c and 0.8 pM-cytochrome c oxidase the current produced at -0.15 V verses silver/silver chloride is independent of the oxygen concentration above 5 0 p~ and increases as the oxidase concentration is raised to 2 p~.
The current is proportional to the activity of cytochrome c oxidase and can be used to study its ligand-binding reactions with azide, hydrogen sulphide or cyanide as these molecules inhibit the enzyme resulting in a fall in the observed current (Fig. Ib) . Using this system the association and dissociation rate constants for cyanide at 20°C pH 7.0 were 26 x 1 0 3~ ' s ' and 1.0 x lO-'s-' respectively, close to the literature values of 10 x IO'M Is and < 1 x 10-3s ' for cyanide binding of cytochrome c oxidase during active turnover at 23"C, pH7.0 (Yonetani & Ray, 1965) . The inhibition constant, K , , was 3 . 9 p~, again similar to the published value of K, 4 . 0~~ (Yonetani & Ray, 1965) .
The potential of biosensors for the measurement of toxic gases is of considerable commercial interest and a sensor for carbon monoxide based on the coupling of the redox protein carbon monoxide oxidoreductase to an electrode has been described (Turner et al., 1985) . Cyanide is extremely toxic, arresting respiration by inhibition of cytochrome oxidase (Nicholls, 1983) . Thus the enzyme is an attractive tool in the development of a cyanide detector. Toxic effects result from various sources (Groff et al., 1985) ; for example, exposure to hydrogen cyanide during industrial processes such as electroplating or by burning nitrogen containing polymers in air, or by ingestion of cyanide salts or foods containing laetrile or amygdalin. The requirement for measurement of cyanide in air and fluids is reflected by the diversity of techniques bisulphide-modified electrode surface was covered with a solution containing 2 mM-cytochrome c and I .6 pM-cytochrome c oxidase (both from Sigma). held in place with a membrane secured with an '0'-ring. (b) Inhibitionirecovcry curve after addition of ~~M -K C N to the stirred buffer around the electrode. Temperature was 23°C and the potential was -0.15V versus silver/silver chloride. 619th MEETING, CAMBRIDGE employed such as ion-selective electrodes (Gupta et al., 1985) . spectroscopic and colorimetric assays (Epstein, 1974) . Problems encountered with these devices include cost, lack of selectivity and often lengthy preparation times required before sample analysis. These problems have encouraged the development of novel enzyme-based sensors. The use of bacterial cells and membranes in the development of biosensors has advantages over purified enzymes as costly processes of enzyme extraction and purification can be avoided, and immobilization of cells for extended periods with little loss in activity has been demonstrated (Rechnity et al., 1977) . Thus the substitution of mitochondrial cytochrome c oxidase by membrane particles of an aerobically grown bacterium, Paracoccus denitrificans (N.C.I.B. 8944), containing an aa,-type oxidase (Ludwig & Schatz, 1980) has been possible. Membranes particles of the organism contain cytochrome aa, and cytochrome o which may both function as terminal oxidases and show different sensitivities to cyanide (Porte & Vignais, 1980) . However, titration of the electrode system was monophasic, indicating electron transfer into the respiratory chain occurs after the quinones (Ferguson, 1982) . At 30'C and pH 7.4 the association and dissociation rate constants for cyanide were 25 x I O ' M ' s 'and4.2 x 10 ' s ' respectively, with K , 0 . 1 7 p~, indicating the feasibility of this system for the development of a biosensor for cyanide.
These results suggest that adenylate kinase is unevenly distributed in the rat kidney (see Ross & Guder, 1980) . We have looked at the effects of anoxia on a relatively pure preparation of rate renal-cortical tubules and here the Dattern of
Metabolic heterogeneity of the mammalian kidney has been demonstrated by a number of different techniques. Vandewalle et al. (1981) measured enzyme activities in dissected rabbit nephrons and found a distinct spatial resolution of glycolytic and gluconeogenic activities. Spectroscopic studies of perfused kidneys (Franke et al., 1976 (Franke et al., , 1980 Epstein at al., 1982) suggested that oxygen metabolism in the kidney shows significant spatial variation. Indeed some regions of the perfused kidney seem to be close to anoxia judged either by their surface fluorescence (Franke et a [., 1980) or by transmission spectroscopy (Epstein et al., 1982) . The present study reports adenine nucleotides and reflectance spectra of kidneys freeze-trapped before and after complete ischaemia.
Rats were anaesthetized with pentobarbital and the kidneys exposed. Whole kidneys were freeze-clamped (Wollenberger el al.. 1960) before and 1 or IOmin after tying off the renal artery. Reflectance spectra were recorded from the freeze-trapped specimens at 77 K as described by Bashford et al. (1982) . Adenine nucleotides were measured in neutralized perchloric acid extracts by h.p.1.c. with a Hypersil-APS weak anion-exchange column using a phosphate gradient and a Waters system. Kidney cortex tubules were prepared according to Guder et al. ( 1 97 1) and nucleotides assayed by enzymic means (Bergmeyer, 1974) .
After 1 min of ischaemia rat kidney ATP falls from the pre-ischaemic value of 1.6 f 0.31 to 0.81 f 0.17pmol/g, whereas ADP rises from 0.49 f 0.22 to 0.91 f 0.20pmol/g (s.D.; n = 3).
In contrast, when normally perfused rat kidney, which has been freeze-trapped and ground to a fine powder, is warmed to 37°C for 1 min the ATP level falls from 1.6 to 0.2 pmol/g, the ADP remains roughly constant of 0.5 pmol/g and the AMP rises from a very low level (about 0.05 pmol/g) to I . 1 pmol/g, indicative of high adenylate kinase activity.
Vol. 14 changes in adenine nucleotides is different again. ?he levels of ATP and ADP in the aerobic tubules are similar to those in whole, normoxic kidney. On anaerobiosis ATP levels fall steadily for 20min with only minor changes in ADP and AMP.
Reflectance spectroscopy of freeze-trapped kidney permits an assessment of tissue oxygen metabolism (Chance et al., 1962; Bashford et al., 1982) . Fig. 1 Fig. 1 . Reflectance spectra oj,freeze-trapped rat kidney Kidneys were freeze-trapped before (trace a), 1 min (trace b) and IOmin after tying off the renal artery. Reflectance spectra were recorded at 77 K using a bifurcated light guide (Bashford et al., 1982) attached to an Applied Photophysics double wavelength spectrometer, white polystyrene was used as the baseline for traces a and b. Trace c is the IOmin minus 1 min ischameic kidney difference spectrum.
